Introduction {#s1}
============

β-Lapachone, a natural o-naphthoquinone originally obtained from *lapacho* trees in South America, has promising anti-tumor activity on various tumor cells [@pone.0088122-Pardee1]-[@pone.0088122-Tagliarino2] and has been tested as an anti-tumor candidate drug in phase I/II/III clinical trials in combination with other chemotherapy drugs [@pone.0088122-Pardee1], [@pone.0088122-Bentle1]. Its anti-cancer activity is thought to be due to the two-electron reduction of β-lapachone catalyzed by NAD(P)H : quinone oxidoreductase (NQO1, DT-diaphorase), using NAD(P)H or NADH as electron source [@pone.0088122-Pardee1], [@pone.0088122-Planchon1], [@pone.0088122-Reinicke1]. In the presence of NQO1, β-lapachone undergoes reduction to an unstable hydroquinone, which rapidly undergoes a two-step oxidation back to the parent compound, perpetuating a futile redox cycle and resulting in the generation of reactive oxygen species (ROS) including superoxides [@pone.0088122-Planchon1], [@pone.0088122-deWitte1]--[@pone.0088122-Choi1]. These reactive species can oxidize thiol groups of the mitochondrial potential transition pore complex, leading to increased mitochondrial inner membrane permeability, reduced mitochondrial membrane depolarization, and release of cytochrome c, resulting in cell death [@pone.0088122-Lemasters1], [@pone.0088122-Smaili1]. Because NQO1 is more highly expressed in various solid cancers than in normal tissues [@pone.0088122-Belinsky1], β-lapachone can selectively kill these cancer cells. In addition, higher NQO1 expression or activity in cancer cells may make them more sensitive to β-lapachone. In order to increase the clinical efficacy of β-lapachone, many methods have been examined to increase NQO1 expression or activity in cancer cells [@pone.0088122-Tan1], [@pone.0088122-Terai1], [@pone.0088122-Satsu1]--[@pone.0088122-Dong1].

Sulindac is a Food and Drug Administration (FDA)-approved non-steroidal anti-inflammatory drug (NSAID) for the treatment of osteoarthritis, ankylosing spondylitis, gout, or rheumatoid arthritis [@pone.0088122-Tugwell1]--[@pone.0088122-Karachalios1]. Its anti-inflammatory activity is due to its inhibition of the synthesis of prostaglandins [@pone.0088122-Klassen1], which cause inflammation and pain in the body. Sulindac has also been found to block cyclic guanosine monophosphate-phosphodiesterase, an enzyme that inhibits the normal apoptosis signaling pathway, and this inhibitory effect allows the apoptotic signaling pathway to proceed unopposed, resulting in apoptotic cell death and reducing the incidence of various tumors, including breast, esophageal, stomach, prostate, bladder, ovary, and lung cancers [@pone.0088122-Thun1], [@pone.0088122-Ruegg1]. In humans, sulindac is reduced to the active anti-inflammatory metabolite, sulindac sulfide undergoes a 2-step reoxidation to sulindac sulfone [@pone.0088122-Hisamuddin1], [@pone.0088122-Ciolino1]. All three compounds have been shown to have chemoprotective effects. In colon cancer, sulindac has been used to increase the anticancer effects of some reagents or stresses, including bortezomib [@pone.0088122-Minami1], hydrogen peroxide [@pone.0088122-Resnick1], and oxidative stress [@pone.0088122-Marchetti1]. Importantly, sulindac and its metabolites modulate the expression of multioxidative enzymes, including glutathione S-transferases and NQO1, the latter being the key regulator of β-lapachone-induced cell death in cancer cells [@pone.0088122-Ciolino1], [@pone.0088122-vanLieshout1], [@pone.0088122-Patten1], and sulindac might therefore have a synergistic anti-tumor effect with β-lapachone.

Lung cancer, the major cancer worldwide, is now the leading cause of cancer-related deaths [@pone.0088122-Oberg1]--[@pone.0088122-Thill1]. According to a report of the Department of Health, Executive Yuan, ROC (Taiwan) published in 2010, the mortality rate for lung cancer is 20%, topping the list of all cancer-related deaths. The cost of health care for treatment of lung disease is increasing tremendously each year and threatens to overwhelm public health services [@pone.0088122-Earle1]. In order to get a better target therapy, researchers have tried to identify key differences between lung cancer cells and normal lung cells, such as mutation or overexpression of genes, including *EGFR, ras*, and *VEGF* [@pone.0088122-Dienstmann1]--[@pone.0088122-Gupta1]. Unfortunately, current chemotherapies for lung cancer lack adequate specificity, efficacy, and treatment heterogeneity is also a big issue [@pone.0088122-Naime1]. There is therefore an urgent need for new therapeutic drugs or new combinations of drugs to provide more efficient lung cancer therapy. Since NQO1 overexpression has been noted in both non-small cell lung cancer (NSCLC) cell line [@pone.0088122-Spivack1], [@pone.0088122-Kolesar1], β-lapachone could be a potential therapeutic drug for lung cancers. However, some lung cancer cells show lower NQO1 expression or activity and might therefore be resistant to β-lapachone toxicity. In this study, we first investigated the relationship between β-lapachone toxicity and NQO1 levels in NSCLC cell lines, then determined the signaling pathway involved in the cell death caused by high concentrations of β-lapachone. We also used lower concentrations of β-lapachone to explore whether sulindac and its metabolites could facilitate the anticancer effect of β-lapachone by increasing NQO1 expression or activity in lung cancer cell lines with low NQO1 levels and checked the importance of NQO1 in this combination therapy. We found that the toxicity of β-lapachone was related to the level of NQO1 expression or activity in lung cancer cells and that high concentrations of β-lapachone killed cells by decreasing phosphorylation of PI3K, AKT, and ERK and activating JNK. In addition, the cytotoxicity of low concentrations of β-lapachone was increased by combination with sulindac and its metabolites, a process involving upregulation of expression or activity of NQO1.

Materials and Methods {#s2}
=====================

Cell Culture {#s2a}
------------

The human lung cancer cell lines CL1-1, CL1-5, and A549, were cultured in 5% CO~2~ at 37°C in RPMI 1640 medium containing 10% fetal calf serum, 100 Units/ml of penicillin, and 100 mg/ml of streptomycin (all from Gibco). The cell lines were gifts from Dr. PC Yang, National Taiwan University Hospital [@pone.0088122-Chu1], in whose laboratory CL1-5 cells were selected from parental CL1-1 cells for greater metastatic potential using a transwell system.

Cell Viability Assays {#s2b}
---------------------

CL1-1, CL1-5, or A549 cells (1x10^4^) were seeded for 24 h at 37°C in a 96-well culture plate, then were subjected to starvation for 14 h in RPMI 1640 medium containing 2% fetal calf serum, 100 Units/ml of penicillin, and 100 mg/ml of streptomycin. Following 6 h pretreatment with medium or the indicated concentration of sulindac or its metabolites (all from Sigma), the cells were incubated for 12 h with or without the indicated concentration of β-lapachone in the continued presence of sulindac or its metabolites, and then cell viability was evaluated.

Two cell viability assays were used. In the crystal violet staining assay, the cells were fixed with 4% paraformaldehyde for 15 min, stained with 0.4% crystal violet for 15 min, and washed with H~2~O, then 50% acid alcohol was used to dissolve the bound crystal violet and the OD at 550 nm measured on an ELISA reader. In the MTT assay, 10 µl of MTT (0.5 mg/ml) (Sigma) was added to each well and the plates incubated at 37°C for 4 h, then the formazan product was dissolved in 100 µl of DMSO at 37°C for 30 min and the OD at 570 nm measured on a microplate reader.

Acridine Orange (AO) Staining {#s2c}
-----------------------------

Cells (5x10^4^) cultured on cover-slides in 24-well plates were incubated for 14 h in RPMI 1640 medium containing 2% fetal calf serum, preincubated with sulindac sulfide for 6h, and then treated with or without β-lapachone for 24 h, then were immediately fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at room temperature (RT), and stained for 10 min with 0.5 ml of AO (10 mg/ml in PBS) (Sigma). After several PBS washes, the cells were examined on an Olympus BH-2 inverted microscope equipped with a fluorescence attachment.

Detection of Apoptosis and Measurement of Intracellular Calcium Levels {#s2d}
----------------------------------------------------------------------

To detect apoptosis, cells (1x10^6^) were treated for 3, 6, or 9 h with 5 µM β-lapachone, then were washed with ice-cold PBS, trypsinized with 0.05% trypsin-0.02% EDTA, stained for 15 min at 37°C with Annexin V-FITC (10 µg/ml) (Strong Biotech Corporation, AVK050, Taipei, Taiwan), and analyzed by flow cytometry on a FACScan flow cytometer (Becton Dickinson).

To measure intracellular calcium levels, the cells were incubated for 10 min at 37°C with 2 mM Fluo-4/AM (Molecular Probes), washed with PBS, trypsinized, and analyzed by FACSan flow cytometry using the FL1H parameter.

Western Blot Analyses {#s2e}
---------------------

Treated cells were lysed with RIPA buffer containing 10 µg/ml of protease inhibitor (Sigma), and then the lysate was centrifuged at 10,000×g for 15 min at 4°C and the supernatant collected for immunoblotting. The protein concentration was measured by the Bradford assay, and samples containing 20 µg of protein were separated by 10 or 12% SDS--PAGE, and then transferred to Immobilon-P membranes for 2 h at 200 V (Millipore) in a Trans-Blot Electrophoretic Transfer cell. The membranes were blocked for 1 h at RT with 5% skim milk in PBS-0.2% Tween 20 (PBS-T), then incubated for 2 h at RT with antibodies against NQO1 (Cell Signaling), PI3 kinase or p-PI3 kinase (Millipore), AKT or p-AKT (Epitomics), ERK, p-ERK, JNK, or p-JNK (Cell Signalling),GAPDH (Genetex) or β-actin (Abcam) diluted 1∶1000 in 1% BSA. After washing for 30 min at RT with PBST, the membranes were incubated for 1 h at RT with horseradish peroxidase-conjugated secondary antibody (Perkin-Elmer, Boston, MA; 1∶5000 dilution in PBST), then bound antibody was detected using the ECL Western blotting reagent (Amersham), chemiluminescence being detected using a Fuji Medical X-ray film (Tokyo, Japan) and quantified by gel image analyses with Image Pro software. The intensity of the band of interest was divided by that for β-actin or GAPDH (loading controls) and this value normalized to that seen with no treatment.

RNA Interference {#s2f}
----------------

The cells were transfected with non-targeting control siRNA (siNeg) or siRNA targeting NQO1 (siNQO1) (Applied Biosystems) using XtremeGene siRNA transfection reagent (Roche), then levels of the indicated transcripts and proteins were examined by realtime PCR (using the primers listed in [Table S1](#pone.0088122.s008){ref-type="supplementary-material"}), RT-PCR, and Western blotting, and the cells were then used in experiments.

Reverse Transcription-PCR {#s2g}
-------------------------

Total RNA was extracted with Trizol (invitrogen) and reverse-transcribed to cDNA using a SuperScript II reverse transcription kit (Invitrogen), then PCR was performed using the following primers: NQO1 (F, TCCTCAGAGTGGCATTCTGC;R, TCTCCTCATCCTGTACCTCT) or GAPDH (F, CAACTACATGGTTTACATGTTC;R, GCCAGTGGACTCCACGAC).

NQO1 Activity Assay {#s2h}
-------------------

To measure endogenous NQO1 activity in cell extracts, cells were washed with PBS and sonicated in lysis buffer (25 mM Tris, pH 7.5, 1 mM EDTA, 0.1 mM DTT). The assay reaction mixture (final volume 200 µl) contained 25 mM Tris pH 7.5, 0.01% Tween 20, 0.7 mg/ml of BSA, 40 µM 2,6-dichloroindophenol (DCPIP; Sigma), 5 µM FAD, 200 µM NADH, 50 µg of cell extract, and either 10 µM dicoumarol or medium. The decrease in DCPIP absorbance at 600 nm in the absence or presence of dicoumarol was measured at 5 sec intervals for 60 sec and the activity expressed as relative activity, with the control activity given a value of 1.

Statistical Analysis {#s2i}
--------------------

All quantitative data are presented as the mean ± SEM for at least three separate experiments. Differences between groups were examined using one-way ANOVA with Scheffe's test, with p\<0.05 (\* or \#), p\<0.005 (\*\*), or p\<0.001 (\*\*\*) being considered statistically significant.

Results {#s3}
=======

NQO1 Expression and Activity in Lung Cancer Cells Correlate with β-lapachone Toxicity {#s3a}
-------------------------------------------------------------------------------------

To compare the cytotoxicity of β-lapachone for various lung cancer cells, three cell lines, CL1-1, CL1-5, and A549, were incubated for 12 h with β-lapachone (0 to 10 µM), then cell survival was measured by crystal violet staining. As shown in [Figure 1A](#pone-0088122-g001){ref-type="fig"}, using 1-5 µM β-lapachone, the A549 cells showed a significantly lower percentage survival than the CL1-1 and CL1-5 cells, but there was no significant difference between the different cells using 10 µM β-lapachone. Since NQO1 activity has been positively correlated with β-lapachone cytotoxicity in breast cancer cell lines [@pone.0088122-Planchon1], [@pone.0088122-Reinicke1], [@pone.0088122-Pink2], we examined whether the sensitivity of the different lung cancer cell lines to β-lapachone toxicity was associated with intracellular NQO1 expression. [Figures 1B-D](#pone-0088122-g001){ref-type="fig"} showed NQO1 activity ([Fig. 1B](#pone-0088122-g001){ref-type="fig"}), NQO1 RNA levels ([Fig. 1C](#pone-0088122-g001){ref-type="fig"}), and NQO1 protein levels ([Fig. 1D](#pone-0088122-g001){ref-type="fig"}) in CL1-1, CL1-5, and A549 cells and showed that, under normal culture conditions, all three values were highest in A549 cells and lowest in CL1-5 cells. We then compared the sensitivity of A549, CL1-1, and CL1-5 cells to treatment with 0--10 µM β-lapachone for 3, 6, 12, or 24 h using crystal violet staining and found that the percentage survival of CL1-5 cells was higher than that of CL1-1 cells at all 4 time points, and that A549 cells showed the lowest percentage survival ([Figure 1E](#pone-0088122-g001){ref-type="fig"}). These results corresponded well with the intracellular NQO1 levels in the three cell lines, as the sensitivity to β-lapachone was higher in cells with higher NQO1 levels. These data showed that NQO1 level or activity plays a key role in β-lapachone cytotoxicity for lung cancer cell lines.

![β-lapachone-induced cell death is associated with NQO1 expression levels.\
(A) Percentage survival of the lung cancer cell lines CL1-1, CL1-5, and A549. Cells were treated with 0--10 µM β-lapachone for 12 h, then cell viability was determined by crystal violet staining assay and expressed as a percentage of the value for cultures with no β-lapachone. (B--D) NQO1 activity levels (B), NQO1 RNA expression levels (C), and NQO1 protein expression levels (D) in the three lung cancer cell lines grown under normal culture conditions. (E) Percentage survival of A549 cells (left panel), CL1-1 cells (center panel), and CL1-5 cells (right panel) incubated with the indicated concentration of β-lapachone for 3, 6, 12, or 24 h examined by crystal violet staining and expressed as percentage survival compared to the untreated cells. The results are the mean ± SD for 3 independent experiments, each in triplicate.](pone.0088122.g001){#pone-0088122-g001}

In subsequent experiments, since β-lapachone alone was very effective at killing A549 cells and we wished to examine whether sulindac or its metabolites had a synergistic effect with β-lapachone, we concentrated on CL1-1 and CL1-5 cells. In addition, since the largest difference in survival of CL1-1 and CL1-5 cells was seen at β-lapachone concentrations of 2 to 5 µM, we used 5 µM β-lapachone to study the effect of β-lapachone alone and 2 µM β-lapachone to study synergistic effects of sulindac and β-lapachone.

Identification of the Apoptotic Signaling Pathway Triggered by β-lapachone {#s3b}
--------------------------------------------------------------------------

To investigate the underlying mechanism involved in β-lapachone toxicity, 5 µM β-lapachone was used to explore the apoptotic signaling pathway activated by β-lapachone in CL1-1 and CL1-5 cells. Using Annexin V staining, cell death in β-lapachone-treated CL1-1 and CL1-5 was demonstrated to occur by apoptosis ([Figure 2A](#pone-0088122-g002){ref-type="fig"}). Cell cycle analysis also showed that the sub G0/G1 ratio (apoptotic cells) increased in a time-dependent manner ([Figure S1A](#pone.0088122.s001){ref-type="supplementary-material"}). In studies measuring intracellular calcium levels, an increase was seen after 1 or 2 h of β-lapachone treatment in both CL1-1 and CL1-5 cells ([Figure 2B](#pone-0088122-g002){ref-type="fig"}, arrow), as seen during activation of the apoptotic pathway by β-lapachone [@pone.0088122-Tagliarino2], [@pone.0088122-Lien1]. The percentage cell survival, measured using the MTT assay, was only partially restored by addition of 0-10 µM BAPTA (Molecular Probes), an intracellular calcium chelator, during incubation for 24 h with 5 µM β-lapachone ([Figure 2C](#pone-0088122-g002){ref-type="fig"}), showing that increased intracellular calcium levels was not the only factor involved in the β-lapachone-induced cell death of these cells. Although calpain and caspase 3, components of the apoptotic signaling pathway, were activated by treatment with 5 µM β-lapachone for 0--9 h ([Figure S1B](#pone.0088122.s001){ref-type="supplementary-material"}), as shown in Supplementary [Figure 2](#pone-0088122-g002){ref-type="fig"}, caspases and calpain were not involved in the lung cancer cell death induced by β-lapachone, as 1 h pretreatment with the pan caspase inhibitor zVAD or the calpain inhibitor ALLM or ALLN (all from Sigma) did not inhibit the effect ([Figure S2](#pone.0088122.s002){ref-type="supplementary-material"}). In both cell lines, the mitochondrial membrane potential (MMP) was decreased by treatment for 3, 6, or 9 h with β-lapachone ([Figure S1C](#pone.0088122.s001){ref-type="supplementary-material"}), but intracellular H~2~O~2~ levels were not changed by β-lapachone treatment for 3 or 6 h ([Figure S1D](#pone.0088122.s001){ref-type="supplementary-material"}). These results shown that β-lapachone causes apoptosis of both CL1-1 and CL1-5 cells by decreasing the MMP.

![The β-lapachone-induced apoptosis of CL1-1 and CL1-5 cells is partly due to an intracellular calcium increase.\
(A) CL1-1 cells (left panel) or CL1-5 cells (right panel) were incubated with 5 µM β-lapachone for 0, 3, 6, or 9 h, then were examined for apoptosis using Annexin V. (B) CL1-1 cells (left panel) or CL1-5 cells (right panel) were incubated with 5 µM β-lapachone for the indicated time, then intracellular calcium levels were measured using Fluo-4 staining and flow cytometry. The intensity of Fluo-4 staining was increased by β-lapachone treatment, especially at 1 h (arrows). (C) CL1-1 cells (left panel) or CL1-5 cells (right panel) were left untreated or were incubated for 24 h with the indicated concentration of BAPTA-AM, an intracellular calcium chelator, and/or 5 µM β-lapachone, then cell survival was measured by the MTT assay and expressed as percentage survival compared to the untreated cells. \* p\<0.05, \*\* p\<0.01 as compared to β-lapachone alone.](pone.0088122.g002){#pone-0088122-g002}

To determine the signaling pathways activated in β-lapachone-induced lung cancer cell death, levels of the phosphorylated forms of PI3K, AKT, and the MAPKs ERK and JNK in CL1-1 and CL1-5 cells were examined. β-lapachone treatment for 10--180 min increased JNK phosphorylation, but decreased phosphorylation of ERK ([Figure 3A](#pone-0088122-g003){ref-type="fig"}) and of PI3K and AKT ([Figure 3B](#pone-0088122-g003){ref-type="fig"}). In addition, at concentrations of 1, 2, or 5 µM, the JNK inhibitor SP600125 partially rescued cells from toxicity induced by 24 h incubation with β-lapachone ([Figure 3C](#pone-0088122-g003){ref-type="fig"}), showing that JNK plays an important role in lung cancer cell death induced by β-lapachone.

![Signaling pathway components involved in β-lapachone-induced apoptosis.\
(A) CL1-1 cells (left) or CL1-5 cells (right) were incubated with 5 µM β-lapachone for the indicated time, then levels of p-ERK, ERK, p-JNK, and JNK were measured by Western blotting. (B) CL1-1 cells (left) or CL1-5 cells (right) were incubated with 5 µM β-lapachone for 0, 3, 6, or 9 h, then levels of p-PI3K and p-AKT were examined by Western blotting. (C) CL1-1 cells (left) or CL1-5 cells (right) were pretreated with the indicated concentrations of the JNK inhibitor sp600125 for 6 h, and then treated with or without 5 µM β-lapachone for 24 h.Cell survival was measured by the MTT assay and expressed as percentage survival compared to the untreated cells.\* p\<0.05 (D) CL1-1 cells (left) or CL1-5 cells (right) were left untreated or were preincubated for 1 h with 10 µM dicoumarol, then medium or 5 µM β-lapachone was added and the cells incubated for 9 h and levels of p-PI3K and p-AKT were measured by Western blotting.](pone.0088122.g003){#pone-0088122-g003}

In order to determine whether NQO1 was a key regulator in β-lapachone-mediated lung cancer cell death, cells were incubated for 6 h with 10 µM dicoumarol, a specific NQO1 inhibitor, and this resulted in about a 67% and 77% reduction in NQO1 activity in CL1-1 and CL1-5 cells, respectively ([Figure S3A](#pone.0088122.s003){ref-type="supplementary-material"}). Dicoumarol treatment significantly inhibited the decrease in phosphorylation of p-PI3K and p-AKT caused by 9 h of β-lapachone treatment ([Figure 3D](#pone-0088122-g003){ref-type="fig"}), blocked the increase in intracellular calcium levels induced by 1 h of β-lapachone treatment ([Figure S3B](#pone.0088122.s003){ref-type="supplementary-material"}), and markedly inhibited the apoptotic cell death caused by 6 h incubation with β-lapachone, as shown by Annexin V staining ([Figure 4A](#pone-0088122-g004){ref-type="fig"}) and acridine orange (AO) staining ([Figure 4B](#pone-0088122-g004){ref-type="fig"}).

![Dicoumarol, an NQO1 inhibitor, blocks the apoptotic effects of β-lapachone.\
(A) CL1-1 cells (top) or CL1-5 cells (bottom) were left untreated or were incubated for 6 h with 5 µM β-lapachone and/or 10 µM dicoumarol, then stained with Annexin V-FITC and the Annexin V fluorescence measured by flow cytometry. (B) Morphological changes after drug treatment. CL1-1 or CL1-5 cells were left untreated (CTL) or were incubated for 24 h with 5 µM β-lapachone with or without 10 µM dicoumarol, then stained with acridine orange to observe the morphology of the cell nucleus. The scale bar represents 50 µm.](pone.0088122.g004){#pone-0088122-g004}

Sulindac and its Metabolites Increase the Cytotoxic Effect of β-lapachone through Activation of NQO1 {#s3c}
----------------------------------------------------------------------------------------------------

The NSAID sulindac and its metabolites, sulindac sulfide (the reduced form) and sulindac sulfone (the oxidized form), are known to modulate the expression of some multioxidative enzymes, including NQO1 [@pone.0088122-vanLieshout1], [@pone.0088122-Patten1]. Since NQO1 levels and activity were negatively associated with the cytotoxicity of β-lapachone, we next investigated whether sulindac and its metabolites could increase the cytotoxicity of β-lapachone for cells with low NQO1 expression and lower β-lapachone sensitivity, such as CL1-1 and CL1-5 cells.

To determine whether sulindac and its metabolites could modulate NQO1 expression in lung cancer cell lines, they were used at concentrations of 100 and 250 µM to treat CL1-1 and CL1-5 cells for 6, 12, or 24 h. As shown in [Figure 5A](#pone-0088122-g005){ref-type="fig"}, in CL1-1 cells, both concentrations of sulindac or metabolite upregulated NQO1 protein levels at all 3 time points, while, in CL1-5 cells, the results were more complex, an increase being seen after incubation for 12 or 24 h with 100 µM, but not 250 µM, sulindac, at all three time points with both concentrations of sulindac sulfone or 100 µM sulindac sulfide, and with 250 µM sulindac sulfide for 6 h (12 and 24 h not tested) ([Figure 5A](#pone-0088122-g005){ref-type="fig"}). NQO1 enzyme activity was also increased by all three chemicals ([Figure 5B](#pone-0088122-g005){ref-type="fig"}). As shown in [Figure S4](#pone.0088122.s004){ref-type="supplementary-material"}, at 100 and 250 µM, the three drugs had no significant effect on the percentage survival of CL1-1 and CL1-5 cells after incubation with sulindac or sulindac sulfone for 54 h or with sulindac sulfide for 12 h. In order to examine the synergistic effect of sulindac or its metabolites and β-lapachone in lung cancer cells, CL1-1 and CL1-5 cells were incubated with 0, 50, 100, or 250 µM sulindac or the metabolites for 6 h, then with 2 µM β-lapachone in the continued presence of sulindac or metabolite for 12 h, and the percentage survival was measured using crystal violet staining. Compared to cells treated with β-lapachone alone, the survival of both cell lines was decreased by 10-40% when cotreated with β-lapachone plus sulindac, 20-40% with β-lapachone plus sulindac sulfone, and 30-60% with β-lapachone plus sulindac sulfide ([Figure 6A](#pone-0088122-g006){ref-type="fig"}). The cotreatment-induced decrease was greater with CL1-5 cells than with CL1-1 cells, i.e. it was greater with the cells expressing lower NQO1 levels ([Figure 6A](#pone-0088122-g006){ref-type="fig"}); in addition, no additional effect of combined treatment compared to β-lapachone alone was seen with A549 cells ([Figure S5](#pone.0088122.s005){ref-type="supplementary-material"}) which express the highest NQC1 levels. These data show that sulindac can increase the sensitivity of cells with low NQO1 levels to β-lapachone cytotoxicity. Using AO staining and fluorescence microscopy, 6 h pretreatment with 100 or 250 µM sulindac sulfide, followed by addition of 2 µM β-lapachone for 12 h resulted in a decrease in CL1-1 and CL1-5 cell density compared to β-lapachone alone ([Figure 6B](#pone-0088122-g006){ref-type="fig"}), and similar results were obtained with the combination of β-lapachone and either sulindac or sulindac sulfone (data not shown).

![Sulindac and its metabolites increase NQO1 expression and activity.\
(A) CL1-1 cells (left) or CL1-5 cells (right) were left untreated or were incubated with 100 or 250 µM sulindac, sulindac sulfone, or sulindac sulfide for 6, 12, or 24 h, then protein levels were measured by Western blotting. (B--D) CL1-1 cells (left) or CL1-5 cells (right) were left untreated (Ctl) or were incubated with the indicated concentration of sulindac (B), sulindac sulfone (C), or sulindac sulfide (D) for the indicated time, then NQO1 activity was measured. \* : p\<0.05, \*\*: p\<0.01, \*\*\*: p\<0.001 compared to the control.](pone.0088122.g005){#pone-0088122-g005}

![The cytotoxicity of β-lapachone for CL1-1 and CL1-5 cells is enhanced by sulindac and its metabolites.\
(A) CL1-1 cells (left) or CL1-5 cells (right) were left untreated or were pretreated for 6 h with the indicated concentration of sulindac, sulindac sulfone, and sulindac sulfide, then 2 µM β-lapachone was added for 12 h, then cell survival was measured using crystal violet staining and expressed as percentage survival compared to the untreated cells. \* : p\<0.05 compared to β-lapachone alone. (B) Two sets of each cell type were left untreated or were incubated for 6 h with 100 or 250 µM sulindac sulfide, then 2 µM B-lapachone was added to one set and incubation continued for 12 h, then the morphology was examined by acridine orange staining. The scale bar represents 100 µm.](pone.0088122.g006){#pone-0088122-g006}

NQO1 Plays a Key Role in the Sulindac-induced Increase in β-lapachone Cytotoxicity for Lung Cancer Cells {#s3d}
--------------------------------------------------------------------------------------------------------

Although NQO1 expression and activity were increased by sulindac and its metabolites, whether NQO1 was a major contributor to the sulindac-induced increase in β-lapachone cytotoxicity still required investigation. Two methods were used to inhibit the enzyme activity or protein expression of NQO1, an NQO1 inhibitor and NQO1 siRNA knockdown.

Dicoumarol has been previously used to specifically inhibit the expression and activity of NQO1 [@pone.0088122-Pink2]. As shown in [Figure 7](#pone-0088122-g007){ref-type="fig"}, pretreatment of cells with 100 or 250 µM sulindac ([Figure 7A](#pone-0088122-g007){ref-type="fig"}), sulindac sulfone ([Figure 7B](#pone-0088122-g007){ref-type="fig"}), or sulindac sulfide ([Figure 7C](#pone-0088122-g007){ref-type="fig"}), followed by addition of 2 µM β-lapachone for 12 h increased the cytotoxicity of β-lapachone for both CL1-1 and CL1-5 cells and these effects were significantly reduced by addition of 10 µM dicoumarol.

![The increase in β-lapachone-induced cell death caused by sulindac and its metabolites is blocked by the NQO1 inhibitor, dicoumarol.\
CL1-1 cells (left) or CL1-5 cells (right) were left untreated or were pretreated for 6 h with 100 or 250 µM sulindac (A), sulindac sulfone (B), or sulindac sulfide (C) with or without 10 µM dicoumarol, then were incubated for a further 12 h with or without addition of 2 µM β-lapachone, then cell survival was measured by crystal violet staining and expressed as percentage survival compared to the untreated cells. \* : p\<0.05.](pone.0088122.g007){#pone-0088122-g007}

Using siRNA knockdown of NQO1, at days 1 to 3 after NQO1 siRNA transfection of CL1-1 and CL1-5 cells, no change in cell growth or cell morphology was noted ([Figure S6](#pone.0088122.s006){ref-type="supplementary-material"}). Efficiency of knockdown in CL1-1 and CL1-5 cells was demonstrated for RNA expression by RT-PCR ([Figure 8A](#pone-0088122-g008){ref-type="fig"}) and realtime-PCR ([Figure S7](#pone.0088122.s007){ref-type="supplementary-material"}) and for protein expression by western blotting ([Figure 8B and C](#pone-0088122-g008){ref-type="fig"}), showing that NQO1 siRNA significantly downregulated NQO1 expression. As shown in [Figure 8D](#pone-0088122-g008){ref-type="fig"}, NQO1 siRNA transfection significantly inhibited the increase in NQO1 enzyme activity induced in CL1-1 cells by incubation for 6 or 24 h with 100 or 250 µM sulindac (left panel), sulindac sulfone (center panel), or sulindac sulfide (right panel). When cells transfected for 24 h with siNQO1 or control siRNA were pretreated for 6 h with sulindac or its metabolites, then cotreated for 12 h with drug plus 2 µM β-lapachone, the percentage cell survival results showed results that transfection with NQO1 siRNA caused a significant decrease in the cytotoxicity of combinations of β-lapachone with sulindac ([Figure 9A](#pone-0088122-g009){ref-type="fig"}), sulindac sulfone ([Figure 9B](#pone-0088122-g009){ref-type="fig"}), or sulindac sulfide ([Figure 9C](#pone-0088122-g009){ref-type="fig"}). These results showed that NQO1 plays an important role in the increase in β-lapachone-induced cell death caused by sulindac or its metabolites.

![The knockdown effects of NQO1 siRNA on NQO1 RNA, protein, and activity.\
(A--C) CL1-1 cells (left) or CL1-5 cells (right) were transfected for 1 to 3 days with control siRNA (CTL) or siRNA targeting NQO1, then RNA expression was measured by PCR (A) and protein expression by Western blotting (B and C). (D) CL1-1 cells transfected for 2 days with control siRNA or NQO1 siRNA were incubated alone or with 100 or 250 µM sulindac, sulindac sulfide, or sulindac sulfone for 6 or 24 h, then NQO1 activity was measured. \* : p\<0.05, \*\*\*: p\<0.001 compared to the identically treated cells transfected with control siRNA.](pone.0088122.g008){#pone-0088122-g008}

![NQO1 siRNA transfection significantly inhibits the effect of sulindac and its metabolites on β-lapachone-induced cell death.\
CL1-1 cells (left) or CL1-5 cells (right) were transfected with control siRNA (−) or NQO1 siRNA (+) for 24 h, then were left untreated or were incubated for 6 h with 100 or 250 µM sulindac (A), sulindac sulfone (B), or sulindac sulfide (C), then 2 µM β-lapachone or medium was added and the cells incubated for 12 h, when cell survival was measured using crystal violet staining and expressed as percentage survival compared to the untreated cells. \* : p\<0.05 for the indicated comparison.](pone.0088122.g009){#pone-0088122-g009}

Discussion {#s4}
==========

β-lapachone Triggers Lung Cancer Cells to Undergo Apoptosis through an Increase in Intracellular Calcium Levels, Increased JNK Activation, Decreased Activation of PI3K, ERK, and AKT, and a Decrease in the MMP {#s4a}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cell proliferation and cell death are under complex and precise control. Normally, the proteins involved in cell proliferation, survival, or cell death are in a remarkable balance, and unbalanced survival and apoptotic signals may lead to cell death. In most cells, proliferation is mainly regulated through PI3K, AKT, and ERK [@pone.0088122-Steelman1], and cell death is regulated through another pathway involving JNK and p38 [@pone.0088122-Kutuk1], [@pone.0088122-Saeki1]. JNK has recently been reported to be an important mediator in the β-lapachone-induced cell death of breast and prostate cancer cells [@pone.0088122-Lien1], [@pone.0088122-Lee1]. β-lapachone also triggers cell death of many cancer cells by increasing calcium signaling [@pone.0088122-Tagliarino2], [@pone.0088122-Orrenius1]. Calcium, the key messenger molecule in cells, plays an important role in many signaling pathways and an imbalance in intracellular calcium levels causes abnormal cell function and leads to cell death. Treatment of cells with the intracellular calcium chelator BAPTA partially inhibited β-lapachone-induced cell death, showing that calcium was involved ([Figure 2](#pone-0088122-g002){ref-type="fig"}). Activation of the cell death signal JNK ([Figure 3A](#pone-0088122-g003){ref-type="fig"}) and inhibition of the cell survival signals, p-PI3K, p-AKT, and p-ERK ([Figure 3A and B](#pone-0088122-g003){ref-type="fig"}) were also observed in β-lapachone-mediated lung cancer cell death, showing that the MAP kinase signaling pathway is involved in the anticancer effect of β-lapachone. Although ROS could have caused the cell death induced by β-lapachone, there was no change in intracellular H~2~O~2~ levels following β-lapachone treatment ([Figure S1D](#pone.0088122.s001){ref-type="supplementary-material"}). However, the MMP was dramatically decreased following β-lapachone treatment ([Figure S3C](#pone.0088122.s003){ref-type="supplementary-material"}), suggesting that other ROS species might be involved in the β-lapachone-induced cell death process.

NQO1 is a Key Factor in the β-lapachone-induced Lung Cancer Cell Death {#s4b}
----------------------------------------------------------------------

High NQO1 activity and expression are seen in many human tumors, including carcinoma of the liver [@pone.0088122-Cresteil1], [@pone.0088122-Schlager1], colon [@pone.0088122-SmitskampWilms1], breast [@pone.0088122-Schlager1], [@pone.0088122-Marin1], brain [@pone.0088122-Berger1], and lung [@pone.0088122-Schlager1], and NQO1 has been shown to be an important factor in β-lapachone-induced cell death in many kinds of cancer cells [@pone.0088122-Reinicke1], [@pone.0088122-Pink2], including breast cancer [@pone.0088122-Tagliarino1], glioma [@pone.0088122-Park1], and prostate cancer [@pone.0088122-Pink2]. In this study, we demonstrated that the cytotoxicity of β-lapachone for three different lung cancer cell lines was positively correlated with their NQO1 expression and enzyme activity ([Figure 1](#pone-0088122-g001){ref-type="fig"}). Inhibition of NQO1 activity using the NQO1 inhibitor dicoumarol ([Figure S3](#pone.0088122.s003){ref-type="supplementary-material"}) blocked the β-lapachone-induced increase in intracellular calcium levels ([Figure S3](#pone.0088122.s003){ref-type="supplementary-material"}), increase in p-JNK levels ([Figure 3A](#pone-0088122-g003){ref-type="fig"}), and decrease in p-ERK, p-PI3K, and p-AKT levels ([Figure 3A and B](#pone-0088122-g003){ref-type="fig"}). These results indicated that the balance between survival and death signals in lung cancer cells was disrupted by the decrease in p-PI3K, p-AKT, and p-ERK levels and the increase in p-JNK levels caused by β-lapachone treatment, and that NQO1 expression and activity were involved in the activation of all these apoptotic signals.

Anti-inflammatory Drugs Increase NQO1 Levels and Enzyme Activity in Lung Cancer Cells {#s4c}
-------------------------------------------------------------------------------------

Many drugs or treatments, such as cisplatin [@pone.0088122-Terai1], heat shock [@pone.0088122-Dong1], or radiation [@pone.0088122-Suzuki1], can increase NQO1 expression or activity and facilitate the cytotoxicity of β-lapachone for various cancer cells. However, such drugs or treatments are usually harmful to normal cells as well as cancer cells, so there is a need for drugs or treatments that can facilitate the anti-cancer effect of β-lapachone, while being less harmful for normal cells. Sulindac has been shown to be a potent chemo-protective agent against colorectal cancer in both human and animal models [@pone.0088122-Thun1], while sulindac sulfide [@pone.0088122-Bottone1] and sulindac and its two metabolites [@pone.0088122-Bottone1], [@pone.0088122-Ciolino1]\] have been reported to upregulate the expression of carcinogen detoxification enzymes, including NQO1. It is known that sulindac compounds inhibit the activity of COX-1 and COX-2, and thus block the biosynthesis of prostaglandins [@pone.0088122-Vane1]-[@pone.0088122-Waddell1]. In *in vivo* studies, sulindac has been shown to be reversibly reduced to sulindac sulfide, which can be irreversibly oxidized to sulindac sulfone, all three of which are anti-inflammatory. Since 1995, several clinical trials have established that sulindac is effective at reducing the number and size of polyps in patients with familial adenomatous polyposis, a precursor to colorectal cancer (NCI-P97-0110, NCI-P00-0150 [@pone.0088122-PDQ1]). Sulindac is a ligand of the aryl hydrocarbon receptor (AhR), an xenobiotic-sensing nuclear receptor that can be activated by chemical structures containing planar aromatic hydrocarbons, and thus evokes a cellular response that to detoxify xenobiotics. AhR activation leads to transcriptional upregulation of the NQO1 gene [@pone.0088122-Ciolino2], [@pone.0088122-Lin1]. In previous studies [@pone.0088122-Marchetti1], [@pone.0088122-Yamamoto1], [@pone.0088122-Zhang1], sulindac and its two metabolites have been used to treat cancer cells at concentrations of 200 µM --1 mM, i.e. the concentrations used in our present study. In addition to reducing the growth of polyps, all three increase NQO1 activity and expression in colon cancer cells [@pone.0088122-Ciolino1], and might therefore be good candidates to increase the cytotoxic effect of β-lapachone against lung cancer cells. When two cancer cell lines, CL1-1 and CL1-5, with low NQO1 expression and activity, were co-incubated with sulindac or its metabolites and β-lapachone, much higher cell death was seen with the CL1-5 cells than the CL1-1 cells ([Figure 6](#pone-0088122-g006){ref-type="fig"} and [7](#pone-0088122-g007){ref-type="fig"}). These results demonstrated that the effect of sulindac and its metabolites in upregulating NQO1 was greater in CL1-5 cells, which has lower NQO1 level and activity than CL1-1 cells, showing that sulindac and its metabolites can be used to increase the β-lapachone sensitivity of cells with lower NQO1 levels.

Many other compounds, such as toxifolin [@pone.0088122-Patten1] and resveratrol [@pone.0088122-Hebbar1], can increase NQO1 expression or activity, but are not FDA-approved. A search is underway for other compounds that can increase the activity or expression of NQO1 using high-throughput library screening, and two compounds, DMEBP and TRES, were recently found to be potent NQO1 inducers with low toxicity [@pone.0088122-Tan1]. These compounds may also be valuable in increasing β-lapachone cytotoxicity for cancer cells with low NQO1 expression or activity.

The NQO1 Inhibitor Dicoumarol or Transfection with NQO1 siRNA Inhibits the Effect of Sulindac on β-lapachone Toxicity for Lung Cancer Cells {#s4d}
-------------------------------------------------------------------------------------------------------------------------------------------

Dicoumarol is widely used as a specific pharmacologic inhibitor of NQO1 and has been shown to inhibit both enzyme activity and expression [@pone.0088122-Lien1], [@pone.0088122-Gustafson1], [@pone.0088122-Cross1]. NQO1 siRNA, designed to specifically target NQO1 mRNA, can lower the expression of NQO1 mRNA and protein. In our study, both agents blocked the synergistic effect of sulindac or its metabolites and β-lapachone on decreasing the survival of CL1-1 or CL1-5 cells.

Although β-lapachone is very toxic for many cancer cells, cells with lower NQO1 levels are less sensitive. However, from the present study, we can conclude that sulindac and its metabolites increase NQO1 expression and enzyme activity, and thus are potential synergistic drugs that might be used in combination with β-lapachone to treat cancer cells with high resistance to β-lapachone cytotoxicity.

Supporting Information {#s5}
======================

###### 

**β-lapachone causes cell death of CL1-1 and CL1-5 cells by decreasing the mitochondrial membrane potential.** (A) Cells were left untreated or were incubated with 5 µM β-lapachone for the indicated time, and then the cell cycle distribution was analyzed using propidium iodide staining and flow cytometry. (B) Cells were incubated with 5 µM β-lapachone for the indicated time, then pro-caspase 3 and caspase 3 levels were analyzed by Western blotting. (C) Cells were incubated with 5 µM β-lapachone for the indicated time, then the mitochondrial membrane potential (MMP) was measured using the dye JC1 (Life Technology) and flow cytometry. (D) Cells were incubated with 5 µM β-lapachone for the indicated time, and then intracellular H~2~O~2~ levels were measured.

(TIF)

###### 

Click here for additional data file.

###### 

**zVAD-FMK, ALLM and ALLN do not block the cytotoxicity of β-lapachone.** CL1-1 cells (A) or CL1-5 cells (B) were left untreated or were incubated for 1 h with the indicated concentration of the pan caspase inhibitor zVAD (left panels) or the calpain inhibitor ALLM (center panels) or ALLN (right panels), then 5 µM β-lapachone was added for 12 or 24 h and cell viability measured using the MTT assay and expressed as percentage survival compared to the untreated cells.

(TIF)

###### 

Click here for additional data file.

###### 

**Dicoumarol, an NQO1 inhibitor, inhibits NQO1 activity and blocks the increase in intracellular calcium levels induced by β-lapachone.** (A) CL1-1 cells (left) or CL1-5 cells (right) were left untreated (CTL) or were incubated with 10 µM dicoumarol for 6 h, then NQO1 activity was measured. (B) CL1-1 cells (top panel) or CL1-5 cells (bottom panel) were left untreated or were incubated with 10 µM dicoumarol and/or 5 µM β-lapachone for 1 h, then were stained with Fluo-4 and the intensity of the Fluo-4 fluorescence measured by flow cytometry.

(TIF)

###### 

Click here for additional data file.

###### 

**Sulindac and its metabolites do not affect survival of lung cancer cells.** CL1-1, CL1-5, or A549 cells were left untreated or were incubated for 54 h with 100 or 250 µM sulindac (left panel) or sulindac sulfone (center panel) or for 12 h with 100 or 250 µM sulindac sulfide (right panel), then cell survival was measured by the MTT assay and expressed as percentage survival compared to the untreated cells.

(TIF)

###### 

Click here for additional data file.

###### 

**The cytotoxic effect of β-lapachone on A549 cells is enhanced by sulindac and its metabolites.** Two sets of cells were left untreated or were incubated for 6 h with the indicated concentration of sulindac, sulindac sulfone, or sulindac sulfide, then 2 µM β-lapachone was added to one set and incubation continued for 12 h, when cell survival was measured using crystal violet staining and expressed as percentage survival compared to the untreated cells.

(TIF)

###### 

Click here for additional data file.

###### 

**NQO1 siRNA has no effect on cell morphology or cell growth.** CL1-1 cells (top) and CL1-5 (bottom) were transfected with negative siRNA or NQO1 siRNA for 1 to 3 days, then pictures were taken using a digital camera and phase contrast microscopy. The scale bar represents 50 µm.

(TIF)

###### 

Click here for additional data file.

###### 

**NQO1 RNA levels are decreased by siRNA targeting NQO1.** A549, CL1-1, or CL1-5 cells were transfected for 48 h with siRNA targeting NQO1 (siNQO1) or control siRNA (siNeg), and then NQO1 mRNA levels were measured by realtime PCR and expressed as a fold change compared to the value for CL1-5 cells transfected with siNeg. \* : p\<0.05 compared to the result for the corresponding siNeg-transfected cells.

(TIF)

###### 

Click here for additional data file.

###### 

**Primers used in the realtime PCR for actin and NQO1.**

(TIF)

###### 

Click here for additional data file.

###### 

(DOCX)

###### 

Click here for additional data file.
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